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The recent discovery and subsequent developments of FeAs-based superconductors
have presented novel challenges and opportunities in the quest for superconducting
mechanisms in correlated-electron systems. Central issues of ongoing studies in-
clude interplay between superconductivity and magnetism as well as the nature of
the pairing symmetry reflected in the superconducting energy gap. In the cuprate and
RE(O,F)FeAs (RE = rare earth) systems, the superconducting phase appears with-
out being accompanied by static magnetic order, except for narrow phase-separated
regions at the border of phase boundaries. By muon spin relaxation measurements
on single crystal specimens, here we show that superconductivity in the AFe2As2 (A
= Ca,Ba,Sr) systems, in both the cases of composition and pressure tunings, coexists
with a strong static magnetic order in a partial volume fraction. The superfluid re-
sponse from the remaining paramagnetic volume fraction of (Ba0.5K0.5)Fe2As2 exhibits
a nearly linear variation in T at low temperatures, suggesting an anisotropic energy
gap with line nodes and/or multi-gap effects.
PACS numbers: 74.90.+n 74.25.Nf 75.25.+z 76.75.+i
The announcement of superconductivity in
La(O,F)FeAs (Tc = 26 K) in February 2008 [1]
triggered an unprecedented burst of research activities in
FeAs-based superconductors and their parent systems.
By now, superconductivity has been reported in systems
with four different crystal structures, i.e., the “1111”
systems RE(O,F)FeAs with Rare Earth = La, Nd, Ce,
etc. [2], the “122” systems AFe2As2 (A = Ba, Sr,
Ca) tuned by chemical substitutions [3] or application
of hydrostatic pressure [4, 5], the “111” LixFeAs [6],
and the “011” α-FeSe systems [7]. Extensive measure-
ments by neutron scattering [8, 9, 10], Moessbauer
effect [13, 14, 15] and muon spin relaxation (µSR)
[15, 16, 17, 18, 19] have been performed to characterize
magnetism and superfluid responses. Notable results
include the observations of collinear antiferromagnetic
order in undoped parent compounds of the 1111 and
122 systems [8, 11, 12], hyperfine splitting of 57Fe
Moessbauer spectra and µSR frequencies indicative
of a static moment size ranging between 0.3 - 0.8
Bohr magnetons per Fe [13, 14, 19], static magnetism
in lightly-doped non-superconducting systems with
possible incommensurate or stripe spin correlations [18],
and nearly linear scaling between Tc and the superfluid
density [16, 17, 18] in the 1111 systems following the
trend found in cuprate and other exotic superconductors
[20].
Three systematic studies of magnetic phase diagrams
of the 1111 systems [9, 21, 22], however, exhibit signif-
icantly different behaviors. As a function of increasing
(O,F) substitution, La(O,F)FeAs shows an abrupt and
first-order like evolution from an antiferromagnetic to su-
perconducting state, Ce(O,F)FeAs shows nearly second-
order like evolution, and Sm(O,F)FeAs exhibits phase-
separated coexistence of static magnetism and super-
conductivity in a small concentration region around the
phase boundary. Despite these differences, superconduc-
tivity appears mostly in the region without static mag-
netic order in the 1111 systems, similarly to the case of
the cuprates. In contrast, very little has been reported
on the phase diagrams of the 122 systems. Recent pow-
der neutron measurements on (Ba,K)Fe2As2 [10] found a
2phase diagram similar to the one for Sm(O,F)FeAs with
coexisting long-range magnetic order and superconduc-
tivity near the phase boundary. Due to the volume-
integrated character of neutron instensity, however, in-
formation pertaining to the ordered volume fraction is
missing in that work. We have also reported µSR mea-
surements on a single crystal of (Ba0.55K0.45)Fe2As2 [19]
which found the co-existence of phase-separated static
magnetic order and superconductivity. However, the su-
perfluid density of this crystal was much lower than that
in the corresponding 1111 systems with comparable Tc’s,
which is suggestive of insufficient carrier doping. In the
122 systems, more definitive studies of magnetic phase
diagrams can be expected due to the availability of large
single crystals [23, 24, 25], recent improvement of the
growth method, and applicability of pressure-tuning free
from randomness due to substitution.
In this paper, we report muon spin relaxation (µSR)
measurements of superconducting single crystals of
(Ba0.5K0.5)Fe2As2 (Tc ∼ 37 K) and (Sr0.5Na0.5)Fe2As2
(Tc ∼ 35 K) in ambient pressure, and of CaFe2As2 in am-
bient and applied pressure p up to p= 10 kbar, performed
at TRIUMF in Vancouver, Canada. The former two crys-
tals, prepared at the Institute of Physics in Beijing using
the FeAs flux method [25] and weighing ∼ 100 mg and
40 mg respectively, were mounted with their ab-planes
perpendicular to the muon beam. Over 1 g of CaFe2As2
crystals (in more than 100 pieces), prepared in Ames Lab.
using the Sn flux method [24], were mounted in a pressure
cell having a sample space of 7 mm in diameter and 10-15
mm long. The crystals were aligned with their ab-planes
perpendicular to the muon beam at the M9B channel,
where the initial muon spin polarization is tuned to be
perpendicular to the beam direction. µSR measurements
were performed in zero field (ZF) and weak transverse
field (WTF) of ∼ 30 - 50 G to study magnetic order-
ing, and in transverse field (TF) of 300 - 500 G to study
superfluid density. A recent study on (Ca,Sr)RuO3 and
MnSi in applied pressure [29] has demonstrated µSR’s
unique capability of determining volume fractions of re-
gions with and without static magnetic order in systems
having phase separation. Details of the µSR methods
and pressure measurement techniques can be found in
refs. [26, 27, 28] and the on-line Supplementary Docu-
ments A and B.
Figure 1 shows (a) the muon spin precession frequen-
cies observed in ZF-µSR and (b) the paramagnetic vol-
ume fraction derived from WTF-µSR measurements in
the (Ba,K) and (Sr,Na) crystals. The solid lines show
the reported results in the undoped parent compounds
BaFe2As2 [19] and SrFe2As2 [14]. In both systems, static
magnetism sets in at temperatures well above the su-
perconducting Tc’s, in a large volume fraction of ∼ 90
% in the (Sr,Na) system and 50 % in the (Ba,K) sys-
tem. We observed two different precession frequencies
in a given system, presumably coming from two differ-
ent muon sites, as was the case in BaFe2As2 [19]. The
frequencies in the superconducting samples are reduced
from the values in the undoped compounds only by 20-30
%, indicating that static magnetic order with a signifi-
cant Fe moment size exists in the magnetically-ordered
regions. These results demonstrate phase separation be-
tween magnetically-ordered and paramagnetic volumes.
However, it is difficult to estimate the length scale of
each region from the µSR results alone.
In TF-µSR, the precession signal from the paramag-
netic volume fraction exhibits damping below Tc due to
an inhomogeneous field distribution in the flux vortex
lattice. The relaxation rate σ, obtained by fitting the
spectra to a Gaussian function exp(−σ2t2/2), is given by
σ ∝ 1/λ2 ∝ ns/m
∗, where λ is the penetration depth, ns
is the superconducting carrier density, and m∗ is the ef-
fective mass [26, 27, 28]. An increase of σ was observed in
both the (Ba,K) and (Sr,Na) crystals below the supercon-
ducting Tc’s. Since the statistical accuracy of the data is
much better for the former system with the larger para-
magnetic volume fraction, here we present the results of
(Ba0.5K0.5)Fe2As2 in TF = 500 G applied parallel to the
c-axis in Fig. 2(a) and (b). The temperature dependence
of σ in (a) is nearly linear with T, as demonstrated by
the good agreement with the scaled data from a YBCO
system [26]. The observed behavior is distinctly differ-
ent from the case for an isotropic energy gap shown by
the broken line representing a calculation for BCS s-wave
coupling. The observed temperature dependence may be
attributed to (1) line nodes in an anisotropic energy gap,
or (2) widely different magnitudes of multiple isotropic
gaps as seen in calculations [30, 31] based on multiple
bands. An ARPES measurement [32] on (Ba,K)Fe2As2
reported evidence for multiple gaps.
The absolute value of σ(T → 0) is about a factor of 3
larger than that observed in (Ba0.55K0.45)Fe2As2 in our
previous measurements [19]. Given that Hc2 anisotropy
is relatively low near Tc, between 3.5 and 2.5 for H < 14
T [23], and decreases for higher fields [33], we plot the
present results in the σ(T → 0) versus Tc plot of Fig.
2(b) without corrections for single-crystal to polycrys-
tal conversion [34]. The resulting point from the present
(Ba,K) crystal (red solid square symbol) indicates that
the present system has a superfluid density close to those
in the 1111 systems with comparable Tc’s, and that a
sufficiently doped 122 FeAs system follows the nearly
linear relationship between Tc and ns/m
∗ found in the
cuprates and 1111 systems. This result disagrees with
theHc1 measurements on (Ba,K)Fe2As2 [31] which found
the superfluid density to have a similar temperature de-
pendence to our results, but the absolute values differed
by a factor of ∼ 4. As experienced in early studies on
various cuprate systems which reported widely scattered
values of Hc1, the determination of Hc1 can be affected
by flux pinning. This feature might explain the origin of
the disagreement.
3The superconducting state can also be obtained by ap-
plying hydrostatic pressure to the undoped parent com-
pounds of the 122 systems [4, 5]. In particular, the
CaFe2As2 system shows superconductivity below T ∼
10 K at relatively low pressures p of 3-8 kbar, which
are attainable using the available µSR piston-cylinder
pressure cell. Note that this cell uses Daphne oil as the
pressure mediator. We studied static magnetic order of
CaFe2As2 at ambient pressure and at p = 3.9, 6.2 and
9.9 kbar by performing WTF-µSR with WTF = 50 G.
Solid symbols in Fig. 3(a) show the paramagnetic vol-
ume fraction, obtained after subtracting the contribution
from the pressure cell in which the single crystal speci-
mens were placed with their c-axis oriented parallel to
the beam direction. Open circle symbols represent addi-
tional results in ambient pressure obtained without the
pressure cell. Figure 3(a) demonstrates that static mag-
netic order sets in at temperatures well above the super-
conducting Tc in a partial volume fraction both at p =
3.9 and 6.2 kbar. The static magnetism disappears at
p = 9.9 kbar where the superconducting state no longer
exists. Figure 3(b) shows the low temperature (T → 0)
values of the volume fraction of the magnetically-ordered
region (from WTF data) as well as the muon spin preces-
sion frequency in ZF-µSR, which is proportional to the
size of the ordered Fe moment. We present the resulting
pressure-temperature phase diagram of CaFe2As2 in Fig.
3(c). The superconducting phase boundary in this figure
is based on the reported resistivity results [4]. At this
moment, we cannot determine whether the superconduc-
tivity exists in the paramagnetic volume alone or in the
entire sample volume below Tc. In any case, Figs. 3(a)-
(c) indicate that a rather strong magnetism exists in a
substantial volume fraction below T = 50 - 100 K which
is well above the superconducting Tc, as in the cases of
the (Ba,K) and (Sr,Na) crystals in ambient pressure.
Resistivity [4] and neutron [35] measurements in ap-
plied pressure, the former (the latter) using a liquid (He
gas) pressure mediator, have been reported on CaFe2As2
single crystals prepared by an identical method to that
used for the present specimens [24]. In resistivity stud-
ies, a sharp jump was observed at T = 170 K at ambi-
ent pressure, corresponding to the first-order tetragonal-
to-orthorhombic structural phase transition below which
magnetic order was detected both by neutrons and
muons. With increasing pressure this feature broadens
and ordering moves towards lower temperatures, which
is qualitatively consistent with the present results in Fig.
3(c). The resistivity anomaly becomes invisible above
p ∼ 4 kbar, and the neutron magnetic Bragg peak in-
tensity at T = 50 K becomes nearly equal to the back-
ground level at p = 6.3 kbar (Fig. 1(c) in ref. [35]), while
µSR detected magnetic order continuing to exist at p =
6.2 kbar, albeit in a partial volume fraction. A rather
sharp structural change detected by neutrons around p
= 3 kbar does not have a corresponding signature in the
µSR data except for an onset of phase separation. At
this moment, it is not clear whether these apparent dif-
ferences are due to (a) different sensitivity of these three
probes to magnetic order, as described in more detail in
the on-line Supplementary Document C, or (b) to possi-
bly different degrees of the strain gradient between mea-
surements with pressure instruments using liquid and gas
mediators, or to both (a) and (b). Further experimental
efforts are required for elucidating details of structural
and magnetic behaviors, especially in the pressure region
of p = 4-8 kbar.
In Figure 4, we plot the precession frequencies ob-
served in ZF-µSR against the Neel temperatures for var-
ious 1111 and 122 systems including undoped, doped,
and superconducting systems in ambient and applied
pressure [14, 18, 19, 36]. Since the Fe-muon hyper-
fine coupling constants are different only by within 10
% between the 1111 and 122 systems [19], the verti-
cal axis is nearly proportional to the static Fe moment
size (see on-line Supplemental Document D for more de-
tails). Figure 4 indicates that static magnetism disap-
pears when the system approaches the superconducting
state in the 1111 systems, while significantly stronger
magnetism (with higher TN and larger moment size) re-
mains in the 122 systems deep into the superconducting
pressure region. This may be related to the more three-
dimensional structure of the 122 systems which generally
favours magnetic order. Phase separation between vol-
umes with and without static magnetism at the border
of a collinear antiferromagnetic state and a non-magnetic
spin-gap state was observed in an insulating J1-J2 spin
system Cu(Cl,Br)La(Nb,Ta)2O7 [37]. Detailed features
of the observed µSR spectra in this system are remark-
ably similar to the results in the present 122 systems.
This similarity suggests an important role of the J1-J2
frustration played in determining the magnetic behavior
of the FeAs-based systems.
Regarding the pairing symmetry, available experimen-
tal results on the 1111 and 122 systems are divided be-
tween those favoring an isotropic nodeless gap [32, 38]
and those supporting line nodes [39]. Some theories for
an extended s-wave pairing [40] propose evolution from
nodeless behavior to line-node behavior with progres-
sive carrier doping. Multi-gap features can also result
in T-dependence different from the BCS s-wave curva-
ture [30, 31]. The present results in Fig. 2(a) repre-
sent the first high-statistics µSR data of the thermo-
dynamic behavior of the superfluid density obtained in
single crystal specimens of the FeAs-based superconduc-
tors. The difference between our previous and present
results on the two different (Ba,K) crystals, contrasted
in Fig. 2(a), may be explained by their different doping
levels corresponding to different superfluid densities. It
will be important to develop theories of superconducting
pairing symmetry including the effect of phase-separated,
co-existing static magnetic regions. Figure 2(a) has es-
4tablished at least one definite case which does not agree
with a single isotropic energy gap. The nearly linear re-
lationship between Tc and the superfluid density (Fig.
2(b)) followed by cuprates, 1111 FeAs, 122 FeAs, and
A3C60 systems suggests the existence of an underlying
generic principle common to condensation mechanisms
of all these exotic superconductors.
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ON-LINE SUPPLEMENTARY DOCUMENT A:
µSR TIME SPECTRA IN ZF, WTF AND TF
In this section, we briefly show basic features of
µSR measurements in zero field (ZF), weak transverse
field (WTF) and transverse field (TF), together with
time spectra obtained on single crystal specimens of
(Ba0.5K0.5)Fe2As2 in the present work. Figure 5(a)
shows the ZF-µSR spectra. The appearance of oscilla-
tions below T ∼ 60 K indicates an onset of a static
internal field from static Fe moments. The amplitude
of this signal is proportional to the fraction of muons
landing in the region with static magnetic order. The
frequency is proportional to the magnitude of the static
internal field, and thus to the size of the ordered Fe mo-
ments. In the case of Fig. 5(a), the oscillation frequency
of ∼ 20 MHz signal corresponds to an internal field of
about 1.5 kG. The damping of this oscillation is caused
by a dephasing process due to an inhomogneity of the
static internal field caused by short-range static spin cor-
relations, or incommensurate magnetism, and/or possi-
ble effects of randomness and imperfections. In general,
fluctuating internal fields due to dynamic spin fluctua-
tions and/or spin waves can also cause damping of the
oscillation through the energy-dissipative 1/T1 processes.
Static and dynamic origins of the damping can be distin-
guished by their different responses in µSR spectra to
application of longitudinal external fields. Long-lived os-
cillation signals in ZF can be expected for commensurate
long-ranged static magnetism, as shown in Figs. 1(a) and
2(a) of ref. [19] for the cases of the parent compounds of
the 1111 and 122 FeAs systems.
When a weak, external transverse field (WTF) of typ-
ically 30-100 G is applied, muon spins in the paramag-
netic or non-magnetic environment exhibit slow coherent
precession around the WTF, as shown in Fig. 5(b). In
magnetically-ordered regions of most magnetic systems,
a static internal field from surrounding ordered moments
at the muon site is much larger than the applied WTF. As
a result, those muon spins cannot join in the WTF pre-
cession and the signal from the magntically-ordered re-
gion usually disappears within about t ∼ 200 ns in WTF
measurements. This is due to inhomogeneous broaden-
ing of the vector sums of the internal plus external fields.
The remaining slowly-oscillating signal represents contri-
butions from the other muons in the paramagnetic en-
vironment. As shown in Fig. 5(b), it is very straight-
forward to derive the amplitude of this slow oscillation.
Figures 1(b) and 3(a) of the present work and Figs. 1(c)
and 3(c) of ref. [19] show the amplitude of such slowly
oscillating signals in WTF. This procedure provides an-
other method to estimate volume fractions of the ordered
and paramagnetic regions, in addition to the ZF preces-
sion signal amplitude which represents the former. The
results from the WTF and ZF methods usually agree well,
as shown in Fig. 1(c) of ref. [19].
In type-II superconductors below Tc, the application
of an external field above Hc1 leads to the formation of a
flux vortex lattice inside the superconductor, which has
a well-defined field distribution [26]. This field distribu-
tion causes additional damping of the precession signal in
both WTF and TF-µSR measurements. This feature can
be seen in WTF spectra in Fig. 5(b) below Tc = 37 K.
The optimal value of TF to study the effect of the pene-
tration depth and flux vortex lattice, however, generally
ranges between 100 - 3000 G, since it should be above
Hc1 and well below Hc2, with the distance between the
adjacent flux vortices significantly smaller than the pen-
etration depth. In the present study, we chose to apply
TF = 500 G, and performed measurements in the field-
cooling procedure. Figure 5(c) shows the time spectra of
TF-µSR, from which we derived the relaxation rate σ in
Fig. 2(a).
ON-LINE SUPPLEMENTARY DOCUMENT B:
HIGH PRESSURE INSTRUMENTATION USED
IN THE PRESENT WORK
A piston-cylinder-type pressure cell was used to gener-
ate hydrostatic pressures up to ∼ 10 kbar in the present
work. The cylinder is made of a non-magnetic alloy
MP35N and has an inside diameter of 7 mm and a
wall thickness of 8 mm. Figure 6 shows some photos of
this cell and a schematic drawing of the µSR spectrom-
eter used in high pressure measurements. The sample
space was filled with a pressure-transmitting medium of
Daphne oil 7373. The pressure cell was pressurized at
room temperature before it was mounted in the cryostat
and the pressure was maintained by using CuBe screws.
The pressure was generally found to decease by approx-
imately 3 kbar at low temperatures due to a thermal
contraction difference between the cell and the pressure-
5transmitting medium. In this paper, we used the low-
temperatures-range pressure which was calibrated from
the pressure dependence of superconducting temperature
in Pb.
Previous µSR measurements on MnSi [29], performed
using this instrument at 0 - 16 kbar, reproduced the mag-
netic ordering temperatures and sharp features at phase
boundaries reported in prior measurements by other tech-
niques using different pressure cells. Sharp variations of
µSR results have also been observed in our unpublished
µSR work on UGe2. Although these observations in other
magnetic systems may or may not be generalized to the
case of CaFe2As2 which exhibits a large change of the
unit cell volume in the pressure range of the present work
[35], the reproducibility and sharp aspects assure that
the pressure cell used in the present work is as good,
uniform and accurate as typical piston-cylinder cells cur-
rently used in various high pressure experiments in terms
of homogeneity and absolute values of the generated pres-
sure.
ON-LINE SUPPLEMENTARY DOCUMENT C:
DIFFERENT SENSITIVITY OF MUONS AND
NEUTRONS IN DETECTING MAGENTIC
ORDER
In magnetic systems that exhibit commensurate long-
range, static magnetic order, neutron scattering observes
magnetic Bragg peaks, while µSR often finds long-lived
coherent precession in ZF below the ordering tempera-
ture. This was the case for LaOFeAs, as published in refs.
[8, 18] which report neutron and µSR measurements per-
formed using an identical piece of sintered polycrystalline
specimen. Neutron measurements are generally limited
by small intensities of magnetic Bragg peaks, especially
for the case of polycrystalline specimens having moments
smaller than ∼ 0.5 Bohr magnetons per unit cell. In con-
trast, µSR has a superb sensitivity for detecting small or
random static moments, as even nuclear dipolar moments
can be easily detected. In NdOFeAs, neutron studies ini-
tially reported the absence of static magnetic order, while
µSR measurements found a static magnetic order very
similar to that of LaOFeAs [19]. The magnetic Bragg
peaks in this material were subsequently observed after
repeated measurements with higher statistics [41]. This
incident demonstrates the potential difficulty in detect-
ing static magnetic order by neutron scattering, even for
the case of systems with long-range spin correlations.
For static magnetic order involving short-range or in-
commensurate or stripe spin correlations, it becomes
even more difficult for neutron measurements to detect
the onset of ordering, since the intensity is spread in a
wider region of momentum space. As an example, here
we will compare neutron and µSR results obtained in a
ceramic polycrystalline specimen of Ce(O0.94F0.06)FeAs.
This system is not superconducting, but lies in the border
region between the magnetically-ordered and suprcon-
ducting phases, as elucidated by neutron scattering stud-
ies [9]. The Bragg peak intensity for this 6% F doped
system was very low, and static order was detected only
below ∼ 10 K. In contrast, µSR detected static order be-
low T ∼ 40 K as shown by the oscillation amplitude in
WTF-µSR in Fig. 7(a). The asymmetry of ∼ 0.2 at high
temperatures corresponds to the value expected for fully
paramagnetic systems, while the loss of the asymmetry
below 40 K indicates a sharp onset of static magnetic or-
der in 100 % of the volume fraction. The frequency of
the muon precession in ZF-µSR (Fig. 7(b)) shows that
the ordered moment size is about 0.1 Bohr magnetons.
This apparent difference of ordering behavior found by
neutrons and muons can be understood when we look at
the spectra of ZF-µSR in Fig. 7(c). The spectra at T
= 5K exhibits a fast damping corresponding to a very
short-ranged character of static Fe spin correlations. The
faster damping seen at T = 2 K is most-likely caused by
imminent ordering of Ce. These examples on NdOFeAs
and Ce(O,F)FeAs demonstrate that different magnetic
behaviors found by neutrons and muons can be caused by
different sensitivities of these probes to static magnetic
order.
This general argument provides a possible explanation
for the static magnetic order of CaFe2As2 found in a
wider pressure region in the present µSR measurements
as compared to that found by neutron scattering stud-
ies [35]. An increasingly short-ranged spin correlation is
found with increasing pressure by the present studies of
CaFe2As2, as demonstrated by the ZF-µSR spectra in
Fig. 7(d).
ON-LINE SUPPLEMENTARY DOCUMENT D:
CONVERSION BETWEEN THE ZF-µSR
FREQUENCY AND ORDERED FE MOMENT
SIZE
Frequencies observed in ZF-µSR measurements are
generally proportional to the size of the static ordered
moment within a given series of magnetic materials hav-
ing the same crystal structures and an identical muon
site location in the unit cell. However, the conversion
from the frequency to the Fe moment size is not easy
in FeAs-based systems, since the accurate location of the
muon site is not known. The argument in Supplementary
Doc. C indicates that neutron scattering intensity is not
much reliable for this purpose either. In contrast, the
hyperfine splitting observed in Moessbauer effect mea-
surements can provides a more reliable estimate of the
size of the static Fe moments. As described in ref. [19],
comparisons of µSR frequencies and Moessbauer hyper-
fine fields observed in LaOFeAs, BaFe2As2 and SrFe2As2
[13, 14, 15, 18, 19] indicate that the hyperfine coupling
6constants between the muon spin and the Fe moment
are nearly equal for the 1111 and 122 systems, with a
difference of about 10 %.
Therefore, we plot the µSR freqencies in the vertical
axis of Fig. 4 without corrections between the 1111 and
122 systems. The absolute value of the moment was
scaled based on the Moessbauer results in ref. [13] for
BaFe2As2. The resulting Fe moment size, shown in the
right-vertical axis of Fig. 4, involves about 10 % error
due to the difference between the 1111 and 122 systems.
The results of this conversion agree rather well with
the estimates from neutron scattering studies which
reported 0.36 and 0.8 Bohr magnetons for Fe moments
in LaOFeAs [8] and CaFe2As2 [12] respectively. Different
Moessbauer measurements reported in the literature
have adopted different conversion factors between the
hyperfine splitting and the Fe moment size [13, 15],
resulting in estimates for the ordered moment size in
LaOFeAs that differ in magnitude up to 40 %. This
ambiguity leads to a systematic error for the absolute
moment values in Fig. 4. The relative comparison of the
moment size between different systems, however, can be
made with the accuracy of +/- 10 %, assuming that the
muon site does not change among materials within each
series (1111 and 122).
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FIG. 1: (color) Temperature dependences of (a) the muon spin precession frequency observed in ZF-µSR and (b) the para-
magnetic volume fraction determined in WTF-µSR measurements in single crystal specimens of (Ba0.5K0.5)Fe2As2 (Tc ∼ 37
K) and (Sr0.5Na0.5)Fe2As2 (Tc ∼ 35 K), which demonstrate the onset of static magnetic order in a partial volume fraction at
temperatures well above the superconducting Tc. The results from the present work (solid and open circles) are compared with
those of the undoped parent compounds BaFe2As2 [19] and SrFe2As2 [14] (solid and broken lines).
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FIG. 2: (color) (a) Temperature dependence of the muon spin relaxation rate σ observed in a single crystal specimen of
(Ba0.5K0.5)Fe2As2 (Tc ∼ 37 K) in TF-µSR with TF = 500 G (closed circles, present work), compared with the temperature
dependence expected for the isotropic energy gap of BCS s-wave pairing (broken line), scaled results from YBCO [26] (solid line),
and our previous results in a different crystal of Ba0.55K0.45Fe2As2 [19] (open circles). The superfluid density is observed to be
linear in T at low temperatures, which is consistent with an anisotropic energy gap with line nodes or multiple isotropic gaps with
widely different magnitudes. (b) A plot of the relaxation rate σ(T → 0) versus Tc, including the point for (Ba0.5K0.5)Fe2As2
from the present work as well as those for the FeAs-based 1111 superconductors published in refs. [16, 18], various cuprates,
and A3C60 superconductors [20], which demonstrates a nearly linear relationship between the superfluid density ns/m
∗ and Tc
followed by all of these exotic superconductors.
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FIG. 3: (color) (a) The volume fraction of regions without static magnetic order in CaFe2As2, as a function of temperature and
pressure, determined by WTF-µSR measurements with WTF ∼ 50 G . The points with closed (open) symbols were obtained
in measurements with (without) a pressure cell. (b) Pressure dependence of the volume fraction of the magnetically-ordered
region (purple closed circles; left axis) from WTF-µSR and the muon spin precession frequency (blue triangles; right axis) from
ZF-µSR at T ∼ 2K in CaFe2As2. (c) The phase diagram as a function of pressure and temperature in CaFe2As2. These results
demonstrate an onset of static magnetic order in a partial volume fraction at temperatures well above the superconducting
Tc’s. The Tc values are taken from the reported resistivity results [4]. Upper, middle, and lower temperatures attached to the
closed circle symbols for TN represent temperatures at which the volume fraction with static magnetic order becomes 30, 50,
and 70 % of the value at T → 0. respectively
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FIG. 5: (color) Figure for the on-line Supplementary Document A
Time spectra of (a) zero-field µSR, (b) weak-transverse-field µSR, and (c) transverse-field µSR observed in a single-crystal
specimen of Ba0.5K0.5Fe2As2.
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FIG. 6: (color) Figure for the on-line Supplementary Document B
(a) and (b): Schematic drawing of a µSR spectrometer at TRIUMF used for measurements with applied pressure. The blue
circle in (b) represents the specimen, and the green and yellow regions show the walls of the pressure cell. The red squares show
plastic scintillation counters which detect incoming muons and decay positrons. (c) A photograph of the piston-cylinder-type
pressure cell used in the present measurements.
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FIG. 7: (color) Figure for the on-line Supplementary Document C
(a) The precessing amplitude of muon spins in a weak transverse field (WTF) of 50 G, (b) the ZF-µSR precession frequency,
and (c) the time spectra of ZF-µSR observed in a polycrystalline specimen of CeO0.94F0.06FeAs. (d) shows the time spectra of
ZF-µSR measurements from a mosaic single-crystal specimen of CaFe2As2 obtained using a pressure cell at T = 5 K at several
different hydrostatic pressures.
